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EXPERIMENTAL NEUTRON FLUX DISTRIBUTIONS I N  A 

WATER SYSTEM WITH AN INTEFUAL CAVITY 

Floro Miraldi, David A.  McBride, and George W, Nelson 

ABSTRACT 

Neutron f l u x  d is t r ibu t ions  were measured i n  a system consisting 

of a large spherical  cavi ty  i n  water. 
studied including concentric sphere systems 

a i r  a t  one atmosphere and BF 
three atmospheres. Measurements were made by f o i l  activation, Fo i l  
activation d is t r ibu t ions  a re  presented, and r e l a t i v e  thermal flux 
dis t r ibut ions a re  compared t o  Fermi-Age and Two-Group d i f fus ion  

theory. Results show t h a t  the f l u x  d is t r ibu t ions  i n  the  cavi ty  

regions are qui te  f l a t .  Comparisons of theory and experiment indi- 

cates  t ha t  t h e  simple calculations performed a r e  insuf f ic ien t  t o  
describe these systems 

Three cavi ty  geometries were 
Cavity f i l l i n g s  were 

a t  various pressures between one and 3 



EXPERIMENTAL NEUTRON FLUX DISTRIBUTIONS I N  A 

WATER SYSTEM WITH AN INTERNAL CAVITY 

by F. Miraldf, D. A. McBride and G. W. Nelson 

Case I n s t i t u t e  of Technology 

Experimental neutron flux dis t r ibut ions were measured in 
a water f i l l e d  tank containing a 27-inch diameter spher ica l  

cav i ty  region. 

neutron source located a t  t h e  center of the  cavity, and bare 

and cadmium-covered indium f o i l s  were used t o  determine the 

neutron f l u x  d is t r ibu t ions  i n  both the  cavi ty  and moderator 

regions. 
t he  simple cavity,a concentric sphere system with a 9-inch 

diameter i n t e r i o r  sphere, and a concentric sphere system with 

a 12-inch diameter i n t e r i o r  sphere. 

Neutrons were provided by a plutonium-beryllium 

Three separate cavi ty  systems were examined including 

F o i l  ac t iva t ion  d is t r ibu t ions  and thermal neutron f l u x  

d is t r ibu t ions  a re  presented for t he  several  cavi ty  cases 

examined. 

gas t o  simulate a uranium hexafluoride gas-f i l led cavity. 

the  concentric sphere cases only the i n t e r i o r  sphere was f i l l e d  
with boron t r i f l u o r i d e  t o  simulate f u e l  contraction, and for 
these, various gas pressures were used t o  invest igate  t h e  

effects of increased absorption i n  t h e  cavity. An a i r - f i l l e d  

cavi ty  and a no cavi ty  case were studied f o r  comparative pur- 

poses. 
except toward t h e  center  of t he  cavity where a s l i g h t  flux 
peaking occurs in some s i tua t ions .  

These included cavi ty  f i l l i n g s  of boron t r i f l u o r i d e  

In 

The general shapes of t h e  d is t r ibu t ions  a r e  a s  expected 

Simple two-group d i f fus ion  and Fermi-Age calculat ions were 
Agreement made f o r  t he  expected thermal neutron d is t r ibu t ions .  

between t h e  experiment and calculations was not  good as was 
ant ic ipated f o r  such approximate theories. L 

- iii - 



INTRODUCTION 

Reactors consisting of a low density i n t e r i o r  region 

surrounded by an external reflector-moderating region have 

a t t rac ted  considerable interest i n  recent years. 

type has been referred t o  as a "cavity reactor." 

concept, t h e  gaseous core reactor, f u e l  is  contained i n  the  

i n t e r i o r  region as a f iss ionable  gas. 

i s  of interest i n  the space program because of i t s  poten t ia l  

as a high performance propulsion engine, 

of these devices as propulsion units a r i s e s  from t h e  f a c t  t h a t  

most of the f i s s i o n  energy appears as  kinet ic  energy of the  

f i s s i o n  fragments. 

f r e e  paths i n  matter which means t h a t  most of the  f i s s i o n  

This reactor  

I n  one basic 

This pa r t i cu la r  concept 

In t e re s t  i n  the use 

These fragments have extremely shor t  mean 

w e n e r s  is dss5pk4u esser,+,iay&? at L\e g%te  of f-&s.jon. 

mixing a propellant with the  fissioning gas, high gas t e m -  
peratures may be achieved yielding la rge  spec i f ic  impulses. 

A number of such devices have been propsed and described in  
the  l i t e r a tu re .  (I=!). 

The nucleonics of the  cavity reactor was first described 

by B e l l  ( 9 )  - who investigated a class of systems emplaying m6, 
Safanov (10) has made a ra ther  extensive s u r v e y  of spher ica l  

reactors  with the  cavi ty  region completely and uniformly f i l l e d  

with a gaseous fue l .  

and is comparable t o  t h a t  of Bel l .  
culat ions have been performed by Ragsdale and Hyland (%E) 
and by Plunkett and Holl (13). 
calculat ions and has shown excellent agreement between 

experimental c r i t i c a l  masses and ca lcu la t iona l  results. 

- 

H i s  approach u t i l i zed  Fermi-Age theory 

Multigroup diffusion cal-  

M i l l s  (112) has performed Sn - - 

There has been, on t h e  other hand, very l i t t l e  exper- 
imental data  accumulated on these systems. 

assembly consisting of a U-23s-foil-lined cy l ind r i ca l  t ank  

surrounded by 0 was constructed a t  Ins Alamos. Radial 

and ax ia l  flux traverses i n  the  cavity were reported by 
Paxton and Orndoff (15). Fox et a 1  (16) 
flux d is t r ibu t ions  i n  a graphite assembly with an in t e rna l  

A c r i t i c a l  

9 
measured t h e  neutron - - 



cavi ty  of cubic shape. 

source and studied the cases of an a i r - f i l l ed  and one-atmosphere, 

EF f i l l e d  cavity,  Their r e su l t s  were compared t o  an 18-energy- 

group, one-dimensional, spherical-geometry calculat ion and found 

t o  agree well. 

The system employed a Po-Be neutron 

3- 

The work reported herein was undertaken t o  provide additional 

experimental data regarding neutron diffusion i n  cavity media. 

I n  many respects t h i s  work is  an extension of t h a t  of Fox e t  a l .  

The primary objective of t h i s  study was the  measurement of neutron 
flux dis t r ibut ions in a cavity f i l l e d  with a neutron absorbing 

gas under d i f fe ren t  pressures and geometry. 
media was chosen t o  be water which provided a s ign i f icant ly  d i f f e r -  
ent s i tua t ion  than the  one studied by Fox e t  a l .  The cavity geome- 

t ry  was spherical  t o  f a c i l i t a t e  comparison with theory and the  

neutrons were provided by a Pu-Be s o u r c e  placed a t  the center of 

the system. A s  i n  the  experiments of Fox e t  a l ,  boron t r i f l uo r ide  

gas was used as cavity f i l l i n g  because it closely approximates 

the thermal neutron absorption properties of '  uranium hexafluoride 

gas. 
uniform and the  gas pressure was varied. 

accomplished by f i l l i n g  a smaller sphere with BF 
sphere inside and concentric with the cavity. 

t o  a rocket concept i n  which the  f u e l  region is compressed by 

hydrodynamic o r  magnetic means i n  the cavi ty  in te r ior .  

The external  moderating 

In  contrast ,  however, t he  cavity f i l l i n g  was not always 

Non-uniformity was 

and placing the  3 
This corresponds 

Though t h i s  study was primarily experimental, a l imited 

analyt ical  invest igat ion was performed t o  compare the  r e s u l t s  t o  

theory. The analysis performed was a simple two-group diffusion 

calculation and a Fermi-Age treatment a s  developed by Safanov (10). - 

DESCRIPTION OF EQUIPMENT AND EXPERIMENTAL PROCEDURE 

The Experimental Assembly 

The overa l l  experimental setup is shown i n  Figure 1 f o r  a 

concentric sphere system with a 1 2  inch inner sphere, The external  
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moderating media was deionized w a t e r  a t  room temperature contained 
in a s t a in l e s s  steel  cy l indr ica l  tank approximately four feet  in 

diameter by four f e e t  high. 

The spherical  cavity interior region was formed from two 

flanged aluminum hemispheres welded together. 

were 2s aluminum about 1/16 inch th ick  and 27 inches i n  diameter. 

The sphere was centered in the  w a t e r  tank and held in p o s i t i o n b y  

l/4 inch v e r t i c a l  aluminum rods connected t o  the  sphere f lang  and 
anchored t o  the  bottom of the  tank. A thru-tube about 1 1/8 inch 
i n  i n t e rna l  diameter and approximately 1/16 inch th ick  was provided 

t o  allow the  inser t ion  of the  neutron source and f o i l s  i n t o  the  
system. 

c i . - r i~~~ te r  2 ~ 6  e~ter;Sed ~ ~ ~ z i - a l  iiidies tepflS. ine water t ank  b o ~ d - .  

The thru-tube was welded t o  the  sphere and attached t o  the tank 

by couplings. 
was accomplished by b u t t  j o h h g  the  tubes and taping them. 

S t ruc tura l  s t rength  was obtained by providing s p l i n t s  over t he  

tape which were i n  turn taped into posit ion.  
provided with three  ports about 2 inches in diameter t o  allow 
access f o r  f o i l  posit ioning as an a l t e rna te  t o  t h e  thru-tube. 
Photographs of t he  sphere system are  presented i n  Figure 2. 

The hemispheres 

The thru-tube pierced the e n t i r e  system along the  sphere 

To eliminate large f lux perturbations, the coupling 

The sphere s h e l l  was 

Three separate  sphere systems were constructed i d e n t i c a l  

t o  t he  one described except thattwo of t h e  systems contained a 

concentric inner sphere. The inner spheres had diameters of 9 
inches and 1 2  inches and were about 1/16 inch th ick  also. 
inch inner sphere system is shown by the  cut-away of Figure 1. 

These inner  spheres were constructed by welding two hemispheres 

together and were held in place bywelding t o  t h e  thru-tube. 

The 12 

The spheres were evacuated or f i l l e d  v i a  a gas channel 
through the  thru-tube connector af the  outer  sphere. In  the con- 

cen t r i c  sphere systems, aluminum tubing was used t o  carry the  gas 

along t h e  outside of the  thru-tube i n t o  the  inner sphere. Teflon 

tubing was used t o  connect the  gas supply t o  the  gas i n l e t  to the  

sphere and mercury manometers were used t o  regulate  pressure. 
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Because of the  highly corrosive nature of BF i n  the  presence of 

moisture, t h e  spheres were evacuated and vacuun held f o r  severa l  
hours t o  insure removal o f a l l  water vapor before admitting t h e  

BF i n t o  the system. Although many problems were experienced i n  
i n i t i a l l y  pressurizing the  spheres with BF 
experienced i n  maintaining a constant pressure during the  runs. 

3 

3 
no problem was 3’ 

Neutron Source, Detecting Foi l s  and Holders 

The plutonium-beryllium source used was a standard model 

Mound Laboratory source i n  the  shape of a cylinder, 

the  source construction a re  given i n  Figure 3. 
was doubly canned i n  tantalum and s t a in l e s s  s tee l  and occupied 

about four-fifths of the in t e rna l  volume, The external  dimensions 
were about one inch i n  diameter and 1.6 inches i n  length. 

neutron emission was about 1,7 x 10 neutrons per second. 

source was admitted in to  t h e  cavity v ia  the  thru-tube and centered 
by measuring along the i n t e r i o r  of the  thru-tube. Orientation 

of t he  source was always the  same t o  eliminate the poss ib i l i t y  
of e r r o r  due t o  non-uniformity of the  neutron emission. 

of t h e  data indicated, though, t h a t  such non-uniformity was beyond 

the l i m i t s  of detect ion by the  methods employed in t h i s  study. 

Details of 

The source mater ia l  

The 
The 6 

Checks 

The indium f o i l s  used were c i r cu la r  disks approximately one 

inch i n  diameter and 5 m i l s  th ick and had a weight of about 92 
milligrams per  square centimeter, 

t o  be t t e r  than 99.9%. 
milligram and a s e t  of closely ident ica l  f o i l s  were used. 

cadmium covers were made from chemically pure cadmium and had 
a nominal thickness of 20 m i l s ,  

The indium was chemically pure 

The f o i l s  were careful ly  weighed t o  0,1 
The 

Three d i f f e ren t  holder systems were used f o r  the  f o i l s  and 
photographs of them are  presented i n  Figure 4. 
f o r  use in  t h e  thru-tube consisted of a small aluminum r ing  with 

an in te rna l  f lange against  which the f o i l s  were held by a second 

small ring which f i t  snugly inside the  first. (Fig. ha), The f o i l  
holders were positioned along the  thru-tube by the  use of accurately 

One s e t  of holders 
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machined spacers placed between t h e  holders. 

f ixed  t o  a support and the  r i g  attached t o  a port  cap i n  order t o  

obtain readings in posit ions other than i n  the thru-tube (Fig. bb). 

The t h i r d  type of f o i l  holder was a standard commerical holder 

consis t ing of a l u c i t e  r ing with a thin p l a s t i c  backing and a 

screw-on p l a s t i c  cap (Fig, bc). 

between the backing and cap and the assembly was supported on a 

l u c i t e  rod, 

i n  t h e  water. 

eqer iment  is  shown i n  Fig. 1. 
outside surface of the spheres and on the  ins ide  surface of t he  

outer  sphere. Access t o  the  i n s i d e  surface of the outer  sphere 

was through the  2 inch ports. 

w i w  ordinary cellophane tape, 

The same holders were 

The f o i l  was placed i n  the  r ing  

Foi l s  were placed i n  these holders f o r  measurements 

The r e l a t ive  positions of t h e  f o i l  holders i n  t h e  
Foils were also positioned on the  

These f o i l s  were held i n  posi t ion 
- -. I,- 

From a p rac t i ca l  point of view it was necessary t o  expose 

many f o i l s  a t  the  same t i m e ;  though the  p o s s i b i l i t y  of flux 
perturbation effects of one f o i l  on another was recognized. 

Calculations based on the developments of Vigon and Wirtz and 

of Meister (17) - indicated t h a t  a minimum separation of f o i l s  of 

about 2 inches was necessary t o  reduce t h i s  interference e f f e c t  
below one percent. 

of four inches i n  the  cavi ty  region and three  inches i n  the  water 
region was maintained so t h a t  these effects would be negl igible  

compared t o  other experimental errors. 

In all cases i n  t h i s  s t u d y  a m i n i m u m  separation 

The f o i l s  were always exposed f o r  periods grea te r  than six 
hours t o  ac t iva te  them t o  saturated values of the 54.3 minute 

ac t iv i ty .  They were counted twice, once i n  a Geiger-Mueller, 
end-window counter and once i n  a gas-flow, proportional counter 

with bn geometry. 

e r r o r  o r  malfuncticn of equipment. 
however, is  t h a t  obtained with the 4n counter s ince the  s c a t t e r  
of data  was s l i g h t l y  less f o r  t h i s  system. 

"his was done t o  f a c i l i t a t e  the  tracking of 

All data  reported herein, 

BF, Proportional Counters 

Some measurements were made using BF proportional counters 3 



because they offered f a s t  checks on the  flux dis t r ibut ions.  

general these runs were done f o r  in te rna l  checks a d  the  data 

is  not suf f ic ien t ly  complete t o  be reported, They a re  mentioned 

because reference is made t o  two runs i n  the sect ion t o  follow. 

Two Wood Coo probes were used f o r  these runs3 one 7/8 inch 

diameter with active length of one inch and the  other 1 l/8 inch 

diameter with an active length of two inches, 

pressures of B F 
of mercury respectively. The probes were positioned e i the r  i n  
the  thru-tube o r  i n  a s imi la r  aluminum tube along t h e  posit ion 

shown i n  Figure 1 f o r  the water f o i l  holder. 

I n  

The gas f i l l i n g  
10 of the probes was 60 cm of mercury and 20 cm 3 

EXPERIMENTAL RESULTS 

This sect ion presents the experimental r e su l t s  obtained f o r  
the  various cases studied. These include 

(1) Air-fi l led cavi ty  
(2) Single cavi ty  with one atmosphere BF f i l l i n g  

( 3 )  
3 

Concentric sphere system with 1 2  inch inner sphere 

and BF f i l l i n g s  of 1, 2, and 2,s atmospheres i n  
the  inner sphere 

Concentric sphere system with 9 inch inner sphere 

and BF f i l l i n g s  of 1, 2, and 3 atmospheres i n  the  3 
inner sphere 

3 

(4) 

( 5 )  No cavity 

The r e su l t s  a r e  presented as graphs in two parts:  f i r s t  as r e l a t i v e  
f o i l  activation d is t r ibu t ions  and then as r e l a t lve  thermal flux 
dist r tbut ions This sect ion begins with general comments about 

t he  results and follows with a discussion of par t icu lar  caseso 
The sect ion i s  concluded by a discussion of the data reduction 
procedure and the  experimental precision. 

General Comments 

I n  t h e  following, results f o r  t h e  i n t e r i o r  region were based 

on data obtained i n  the  thru-tube except f o r  regions close t o  the  



- 7  - 

moderator boundarg. Data obtained v i a  the  ports  

with the  thru-tube data and indicate t h a t  i n  the 

agreed verg w e l l  
i n t e r i o r  region 

the  thru-tube e f f ec t s  were l e s s  than the  l i m i t s  of t he  experimental 

precis  ion . 
The data  obtained in the  thru-tube i n  the  water region agreed 

generally i n  shape with t h a t  obtained from the  f o i l s  i r rad ia ted  

i n  t h e  lucite holders" b u t  differed s l i g h t l y  i n  magnitude. 

Deviations in t h e  shape occurred near the water tank boundary 
and near t he  cavity boundary, 

uted t o  neutron streaming from the tube, 

arg the  effect is a t t r i bu ted  t o  the f a c t  t h a t  neutron thermalization 
is not  as rapid with distance i n  the  v i c in i ty  of t h e  tube as it 
is in the  water. 

a l l  graphs but two were prepared from the  in-water results. 
exceptions occurred because a time l imi ta t ion  prevented the  

accumulation of t he  in-water data f o r  these cases. 

ary data obtained from f o i l s  activated a t  t h e  inner and outer  
surfaces of t h e  cavi ty  agreed well with t h e  extrapolations of t he  

in-water data  t o  the  cavi ty  boundarg. 

water region a re  presented i n  several  cases t o  i l l u s t r a t e  t h e  
differences. 

The former deviations are a t t r i b -  

Near the  cavi ty  bound- 

Because the in-water data i s  t h e  desired data, 

The 

Cavity bound- 

The tube r e s u l t s  in t h e  

Generally, severa l  exposures were made a t  each posi t ion 

f o r  each case and t h e  results plotted a r e  the average values. 

Various causes required t h e  elimination of some da ta  and unnec- 

essary duplication of other data s o  t h a t  t h e  number of values 

averaged varied from point t o  point. 

F o i l  Activation Distributions 

The f o i l  ac t iva t ion  da ta  i s  presented i n  Figures 5 through 
Figures 5 through 13 show 18, 

and Figures lh through 18 present comparative curves f o r  t h e  

the results f o r  individual cases 

This da ta  w i l l  be referred t o  as in-water da ta  i n  the  * 
following. 
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different casese 
are  passed through the  tube data  i n  t h e  i n t e r i o r  region and 

through the  in-water data i n  the  water region. 

curve i n  t h e  water region represents t h e  thru-tube data except 

i n  Figures 1 2  and 13 (cases of t h e  9 inch inner sphere with 2 and 
3 atmospheres of BF ). For these l a t t e r  cases only thru-tube 

data was obtained and the  continuous curve was passed through 

these results;  the broken l i n e  curve represents an estimate of 
what the in-water data might be. 

Continuous curves drawn through the  data points 

The broken l i n e  

3 

Figure 5 presents t he  cadmium covered f o i l  data. It was 

assumed t h a t  a l l  cavi t ies ,  whether a i r  o r  BF 
t o  t h e  higher energy neutronso 
from a l l  runs was averaged t o  yield a "best" curve. 

ing i s  noted i n  t h i s  f o i l  da ta  near t he  source. 

suggested (l6) 
indium activation due t o  uncol-lfded and once coll ided source 

neutrons. 

f i l l e d ,  were voids 
3 

Hence, t h e  cadmium covered data  
A sharp peak- 

It has been 

t h a t  t h i s  peaking a r i s e s  from the !%-minute 

I n  Figure 6 the  f o i l  activations f o r  an a i r  f i l l e d  cavi ty  is  
presented. 

no apparent difference was observed. 
e t  a 1  (16), t he  presence of an aluminum l i n e r  a t  a cavi ty  boundary 

caused a noticable depression i n  t h e  magnitude of the thermal 
flux, 
reasons. 

absorption cross sec t ion  la rger  than aluminum i n  contrast  t o  the  

experiment of Fox which employed graphite where the  absorption 

cross section is about two orders of mawitude lower than aluminum. 

Hence, the aluminum l i n e r  i n  t h e i r  case const i tuted an appreciable 

r e l a t ive  absorption, Secondly, t he  addition of an inner sphere 
t o  t h e  cavity const i tuted an increase i n  aluminum t o  t h e  system 
which was only a f r a c t i o n  of the  amount normally present, 

Although three  d i f f e ren t  sphere systems were examined, 

In  t h e  experiments of Fox 

Thfs  effect was apparently masked i n  this study f o r  two 

These s tudies  employed a water moderator which has an 
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A peaking effect  a t  t h e  sphere center  is a l so  observed 

i n  Figures 6 and 7; though i n  these  cases it is  more gradual 

and not as  pronounced. 

effect t o  the same cause suggested f o r  the  cadmium covered 

f o i l s  since the  magnitude of the  peak is the same i n  a l l  three 
cases. 

It is tempting t o  a t t r ibu ted  t h i s  

A large depression in the  cavity and a large peak in 
the  water a r e  the most s t r ik ing  features  of Figure 7 which 

shows the  case of the  e n t i r e  cavity f i l l e d  t o  one atmosphere 

of BF3. 
the  l a rge  amount of BF 
The difference betve,en thru-tube data and in-water data  is 

a i so  m o s t  pronounced for this situation. 

This peak and depression a r e  expected because of 
contained i n  the  cavi ty  i n  t h i s  case. 

3 

In  Figures 8, 9,  and 10 the  water peaking essent ia l ly  
disappears becarneeof t h e  much smaller absorption i n  the  I2 
inch inner sphere compared t o  the s i n g l e  sphere system. 
same occurred f o r  the 9 inch inner sphere sy-stein as demonstrated 

by Figures 11, 12, and 13. 
t he  cases of inner  spheres3 namely, t he  gradual decrease i n  

values through the void region in going from moderator t o  inner 
sphere. 

The 

A par t icu lar  f ea tu re  is of note i n  

For a l l  t h e  ac t iv i ty  curves the  typ ica l  exponential drop- 

off of t h e  values i n  the  water region i s  noted. 

one inch dis tance is s igni f icant ly  lower i n  all cases involving 

t h e  bare f o i l  activations.  
apparently the depression of the  thermal flux due t o  the 

absorption of the  source. 

The value a t  

The cause of t h i s  depression is 

The comparative graphs, Figures lh through 18, were pre- 

pared from t h e  continuous curves of the previously mentioned 

cases except f o r  t he  9 inch inner sphere systems with 2 and 3 
atmospheres of BF The estimated in-water da ta  was used for  
graphs involving these l a t t e r  cases. 

3" 



The s imi l a r i t y  of the curves and e s sen t i a l  equal i ty  of 

values in  the  water region beyond a few inches from the  cavi ty  

boundarg is apparent from the  comparisons. NG unusual charac- 

t e r i s t i c s  a re  exhibited i n  these graphs over those previously 

mentioned, and the  t rends appear t o  be w e l l  mannered and as  
expected, 

Flux Distributions 

The r e l a t ive  neutron f l u x  d is t r ibu t ions  were obtained from 

the  act ivat ion data  and are presented i n  Figures 19 through 26. 
The re l a t ive  f a s t  (epicadmium) f lux is given by t h e  cadmium- 

covered f o i l  data. The r e l a t i v e  thermal f l u x  was obtained as 

t h e  difference of the bare f o i l  data and cadmiun covered data 

corrected f o r  flux depression and resonance absorption by the  
cadmium. Values used i n  t h e  thermal flux p lo ts  were read 

from the  smooth curves drawn through the  data  points and not 

t he  actual  data  points themselves, 
f a c t o r  used was loo’/ and t h e  flux depression correction fac tors  

used were 1,OO i n  t h e  cavity region and 1.18 i n  the  water 
regiono 

The cadmium correct ion 

These correction f ac to r s  a re  discussed i n  Appendix I. 

Figure 19 compares t h e  thermal flux of an a i r  f i l l e d  cavi ty  

t o  t h e  case of no-cavity, 

t he  v i c in i ty  of t h e  source i s  explained a s  source absorption 
of thermal neutrons. The very la rge  f l u x  depression caused by 

t h e  presence of the  cavi ty  is w e l l  i l l u s t r a t e d  in t h i s  f igure,  
Though the flux d i s t r ibu t ion  is  q u i t e  f l a t  i n  t h e  cavity, 

a t tent ion i s  directed t o  the  gradual peaking toward t h e  center, 
Figure 20 presents BF neutron counter data  f o r  t h e  a i r  f i l l e d  

cavi ty  case, 

l i t t l e  resonance s t ruc ture ,  t h e  counter count-rate is 
e s sen t i a l ly  proportional t o  the  slow flux. It w i l l  be noted 

t h a t  the gradual rise i n  value toward the  center i s  apparent 
again, 

The droop of t he  no-cavity case i n  

3 
Since boron is  a l/v absorber which exhibi ts  



Figure 2 1  presents a comparison of the thermal f l u x  of the 

3 a i r  f i l led cavi ty  with the cavity completely f i l l e d  with BF 
aqd compares both cf these with the f a s t  f lux.  The peaking of 

the  f l u x  f o r  t he  BF f i l l i n g  is more pronounced than i n  t h e  3 
f o i l  data case because of an apparent in f lec t ion  in the curve 

a t  about 5 inches. BF counter data f o r  t h i s  same case is 
shown i n  Figure 22 where it w i l l  be seen t h a t  such a peaking 
does not occur. 

and meaning of t h e  e f f e c t  shown i n  Figure 20. 

3 

This places some question on the  existance 

I n  the  remaining flux graphs, Figures23 through 26, t h e  
thermal flux behavior is s imi la r  t o  the  corresponding bare 

f o i l  act ivat ion except f o r  the increase i n  peaking effect in 
t he  water which a r i ses  because of t h e  depression correction of 

1.18. 

Reduction of Experimental F o i l  Data 

Many simplif icat ions were possible i n  t h i s  work s ince  

only r e l a t i v e  data were needed. 

number of corrections needed were possible i n  many cases by 
employing cer ta in  experimental techniques such as  using a 
constant count period and exposing t h e  f o i l s  t o  sa tura t ion  

values. 

Additional reduction of the 

The basic  corrections employed were: 

(1) Correction f o r  the decay of the f o i l  a c t i v i t y  

during t h e  time between the  end of f o i l  exposure 

and s t a r t  of counting. 

Correction f o r  the  decay of the f o i l  a c t i v i t y  
during f o i l  counting, 

Correction f o r  counting equipment background. 
Correction f o r  the long (h.5 hour) half l i f e  

act ivat ion of f o i l s  located near t h e  source. 

Correction f o r  the  du fe rence  i n  f o i l  weights, 

(2) 

(3) 

(4) 

( 5 )  



( 6 )  Correction f o r  capture of resenance neutrons by 

the  cadmium covers. 

Correction f o r  the difference i n  thermal flux 

depression between media. 
(7) 

Counter resolving time corrections were not necessary 
because of the low count r a t e s  involved. Other corrections 

often employed, such as f i n i t e  s i z e  source and detector 

corrections, were not considered appropriate f o r  the  presen- 

t a t i o n  here and therefore were not applied. 

The f o i l  data  were a l l  normalized t o  the  saturated value 

Details on t h e  method of applying of t he  !%-minute act ivi ty .  
the  above mentioned corrections a re  given i n  Appendix I. 

Experimental Errors 

It is extremely d i f f i c u l t  t o  rigorously perform an e r ro r  
analysis of the  data  of t h i s  report. 

noted tha t  such an analysts is not needed f o r  the  results t o  

have meaning because the  nature of the  da ta  does not require 

extreme accuracy. 

presented very loosely. 

However, it should be 

Therefore t h e  short  discussion here is 

I n  general, f o r  t he  bare f o i l  data, the  deviations of 

t he  data points i n  the  cavi ty  region from the  smooth curve 
ranged from a l o w  of about 2 0.5% t o  a maximum of approximately 

2 5% . 
These numbers do not include the  la rge  deviation a t  the  one 

inch spacing. 

deviation due t o  counting s t a t i s t i c s  alone of approximately ... 1%. 
Thus in t he  cavi ty  region the  var ia t ions i n  t h e  bare f o i l  

results appear t o  be due primarily t o  t h e  counting s t a t i s t i c s .  

+ On t h e  average deviations were on the  order of = 1% 

A typ ica l  point i n  t h i s  region has a standard 
+ 

In the  water region, t he  average deviation of t he  data 
+ from the curve ranges from about -1% a t  regions close t o  the  

cavity boundary t o  about - 3.5% a t  regions midway through the  
medium. 

+ 

Again the  e f fec ts  are  primarily due t o  counting s t a t i s t i c s  



s ince  typ ica l  values y ie ld  a standard deviation of about t 1 % 
i n  t h e  vicinity of the  cavi ty  and about 2.5 ’ 

region. 

qu i t e  low, the  deviations become qui te  high and the shape of 
the  d i s t r ibu t ion  much more uncertain. 

i n  t h e  midway 

Close t o  t h e  tank boundary where the  count r a t e s  were 

The results f o r  the cadmium covered foils indicate  much 

l a rge r  deviations as is expected s ince  the  count ra tes  a r e  an 
order of magnitude lower than f o r  the  bare f o i l s .  

deviation of data points f rom the curve is  approximately 

Typical count r a t e s  i n  the  cavity region y ie ld  a standard 

deviation due t o  counting s t a t i s t i c s  of - 4 $ and in the  water 

region the  standard deviation ranges from about - 4 % f o r  regions 
c lose  t o  the cavi ty  t o  - 30 $ f o r  regions near t he  tank boundary. 

The average 

5.5 % . 
+ 

+ 
+ 

Therefore it appears t h a t  throughout t he  experiment, the  

var ia t ions exhibited by the foil data  can be at t r ibuted’primari ly  

t o  counting s t a t i s t i c s .  

may be large,  t he  s ignif icance of the resu l t s  a r e  not ser iously 

affected. 

Although i n  some instances the  var ia t ions 

COHPARISOW OF THEORY AND EXPERDENT 

Calculations were peformed based on Fermi-Age theory and 

two-group diffusion theory. 

on t h e  developments of Saf anov (lo), and the two-group r e s u l t s  

a r e  developed i n  Appendix 11. 
a minimum thickness of 10,s; inches, which is l a rge  compared t o  
the  d i f fus ive  charac te r i s t ics  of neutrons in water, the approx- 

imation of an infinite ex terna l  region was made. 

The Fermi-Age calculationswere based 

Because the  moderator region had 

The i n t e r i o r  fluxes i n  both theories  a re  obtained from the  

results of Safanov. He used t h e  P1 approlcimation f o r  the  
d i r ec t iona l  flux )I a t  the surface of the  cavi ty  and integrated 

(p times the  noncapture probabili ty associated with neutron 
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f l i g h t  in to  the  i n t e r i o r )  over the cavi ty  surface. 

For the  concentric sphere systems with BF f i l l i n g s ,  a 3 
current conservation condition was used i n  which the  ne t  neutron 

flow from the  moderator i n t o  t h e  cavity was equated t o  the  net  

flow in to  the  inner  cavity. 

results i n  a f l a t  flux between spheres. 

I n  diffusion theory t h i s  procedure 

The r e su l t s  of the  computations a re  presented along with 

the  experimentally determined values i n  Figures 27 through 34. 
I n  a l l  cases it is observed t h a t  t h e  experimental values l i e  
between the Fermi-Age and two-group results i n  the water region. 

The posit ion of the f lux peak i n  the  water i s  closely predicted 

by the two-group approximation but  r a the r  poorly predicted by 

t h e  Fermi-Age treatment,, The f luxdepress ion  i n  the  BF cav i t i e s  
is underestimated by the ana ly t ica l  results.  

untrue comparison s ince  the  neutron absorption by the  neutron 
source was not take i n t o  account,, The notable exception t o  
t h i s  l a t t e r  statement is i l l u s t r a t e d  i n  Figure 28, no inner 

sphere with one atmosphere of BF 
pr io r  mention. 

t h e  experimental and Fermi-Age r e s u l t s  compare qui te  w e l l .  

3 
This is  perhaps an 

f i l l i n g ,  which has received 3 
If, i n  t h i s  case, t he  XF counter data is  used, 

3 

In  summary it appears t h a t  t h e  simple analyses performed 
do not predict  t he  experimental results w e l l .  
admitted, however, t h a t  t he  comparisons a r e  not completely f a i r  

s ince the calculations did not  consider t h e  high absorption of 

t h e  neutron source,, Modification of t h e  calculations a re  

presently being considered by the authors. 

It m u s t  be 



APPENDIX A 

CORRECTIONS REQUIRED FOR DATA REDUCTION 

The corrections applied t o  the raw data were s ta ted  previously. 

These procedures a re  f a i r l y  standard t o  f o i l  work and t h i s  discuss- 

ion is presented primarily f o r  t h e  convenience of the reader and 

t o  provide additional de t a i l s  t o  c l a r i f y  the  par t icu lar  approach 

employed i n  t h i s  study, 

Indium Activi t ies  Considered 

The r e l a t ive  count ra tes  which were plot ted represent the  54.3 
minute actvi ty  of indium. 
of t h e  large cross sect ion f o r  its formation and t h e  convenient 

half- l i fe .  
type, however, n d  m s t  be emsidered. 

This is the  usual ac t iv i ty  chosen because 

Other a c t i v i t i e s  a re  produced i n  an experiment of t h i s  

Natural indium consists of two isotopes, In-ll3 and In-Us, 
both of which y i e ld  radioactive indium upon neutron exposure. 

31-113, though, is present only t o  the extent of 4.23% (18 ) , and 

since its ac t iva t ion  cross sections a re  r e l a t ive ly  small, it is 
neglected here, 

Neutron exposure of In-lls yields three d i f fe ren t  a c t i v i t i e s  w i t h  

half-l ives of 13 seconds, 5b.3 minutes, and 4.50 hours (l8). In  

t h i s  study a l l  f o i l s  were allowed t o  cool f o r  t en  minutes before 
counting so  t h a t  the  13 second ac t iv i ty  was not of concern, The 
long ha l f - l i f e  isomer is produced by i ne l a s t i c  co l l i s ions  of 

neutrons with energies greater than about one Mev. 
regions close t o  the  neutron source where the high energg flux 
was large, this a c t i v i t y  was s ignif icant  and corrections had t o  

be applied. 

Therefore, i n  

Relative Activity Corrections 

The plot ted quant i t ies  labeled " re la t ive  ac t iv i t i e s "  a re  

r e a l l y  ac t iv i ty  values averaged over a short  time in t e rva l  and 
normalized t o  the saturated value of the  54.3 minute ac t iv i ty  

per uni t  weight. I n  the  following the  expression actual ly  plot ted 

is developed t o  c l a r i f y  the  corrections used. 



Lf A (t9 @) i s  the ac t iv i ty  of a f o i l  a t  time t following 

an i r radiat ion f o r  a time period 8 9 then the count r a t e  observed, 
C , i s  given as C = A+B where B is the  background count r a t e  

of the  instrument and x is a proportionali ty f ac to r  which depends 

upon counter efficiency, s t ab i l i t y ,  and geometry, 

a l l  instrument f ac to r s  and geometry were maintained constant so  
t h a t  x was a constant f o r  a l l  fo i l s .  The quantity x was checked 

frequently during runs by examining the  count r a t e  from standard 

f o i l s .  
suf f ic ien t ly  good s o  tha t  corrections on x were found unnecessary. 

I n  t h i s  study 

Instrument s t a b i l i t y  and geometry reproducibil i ty were 

The data accumulated, K , were the  t o t a l  counts observed 
over an in t e rva l  of time 

K = Jt2 C d t  

tl 

where tl 
the  count and t 2 
end of t h e  count, 

was the  time from the  end of exposure t o  the s t a r t  of 
was the  time from the end of exposure t o  the 

The ac t iv i ty  A is  composed of two par t s  

where t h e  subscripts S and L refer t o  the  short  and long 

half-l ives respectively, 

exposure f o r  t h e  time 8 , and X is th.e radioactive decay 

constant. 

A ( @ )  is the  ac t iv i ty  after a neutron 

The a c t i v i t i e s  A ( 0 )  are, in turn, given by 

A L ( 8 )  = .cLW (1 - e - 1 L 9 )  
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where W is the  f o i l  weight and % and are  propor- 

t i o n a l i t y  fac tors  dependent upon act ivat ion cross sections 

and average f lux  values i n  the  f o i l ,  I n  a l l  t he  runs, 8 
was much la rger  than t h e  sho r t  ha l f - l i fe  and hence As(8)  

was taken as  +W e Thus it is seen t h a t  

and 

It should be noted here t h a t  the quantity of i n t e r e s t  is the  
(slaw) neutran flux which is contained in + , 

It is convenient t o  form the quantity D as 

L LJ 

where 

Throughout most of t he  system the  

above is negl igible  and hence D P ~  . second term in t h e  bracket 

The quant i ty  % is 
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di rec t ly  proportional t o  f o r  constant counting periods 6 . 
For most counts, 

longer periods were required, the  results were normalized t o  t h e  

10 minute period by adjusting the  values of % and 5 . "he 

graphs of t he  act ivies  are  p lo t s  of 
is equal t o  D and computed d i r ec t ly  from the  raw count data, 

K . The correction f o r  XL not negligible is  given below, 

6 was taken as 10 minutes; however, where 

% which, f o r  m o s t  cases, 

The quantity % is proportional t o  t h e  average flux 
through xs . 
positions and a l l  neutron energies. 

covered f o i l s ,  the  energy average extends down only t o  the  

cadmium cut off energy . 

For the  bare f o i l s ,  t h i s  average i s  over a l l  f o i l  

In  the  case of the  cadmium 

I n  those s i tua t ions  where t h e  long ha l f - l i f e  a c t i v i t y  was 

s igni f icant  , was obtained as  -1 - xLe ( xs - xL)t;i 
% = D  1 - s  e 

53 
=D7( 

and ?I was obtained by experimentally measuring the  r a t i o  

(%/I$)* 
ac t iv i ty  of a f o i l  f o r  longer periods, decomposing the decay curve 
i n t o  its two components, and extrapolating the component curves 

back t o  t t 0 . The r a t i o  of t he  zero intercept  of t he  long 
hal f - l i fe  component t o  the intercept  of the short  ha l f - l i f e  

This l a t t e r  r a t i o  was obtained by following t h e  decay 

1 

componenent i s  the r a t i o  (K /K ) 

(%/IC,) f o r  cadmium covered f o i l s ,  

Figure (3s) is a p lo t  of L S  

For the  case of t h e  cadmium covered f o i l s ,  t h e  long ha l f -  

l i f e  correction is  large close to t h e  source but  drops off very 

rapidly. 
a distance of f i v e  inches, 

For these f o i l s ,  the  corrections was applied out t o  

The t o t a l  act ivat ions of t he  bare f o i l s  a re  an order of 

The long magnitude higher than f o r  the  cadmium covered f o i l s .  

ha l f - l i fe  act ivi ty ,  however, would remain about t h e  same i n  both 

cases and hence i s  a correction of only a few percent a t  most 

f o r  the bare f o i l s .  The tedious procedure f o r  obtaining 



t he  long ha l f - l i f e  correction used with t h e  cadmium covered f o i l s  

was not  followed in the bare f o i l  runs. Instead, t h i s  correction 

was estimated by assuming t h a t  the long ha l f - l i f e  ac t iv i ty  would 

be t h e  same whether a f o i l  were bare  o r  covered. 

value of 
f o r  t he  bare f o i l s  as w e l l .  
is not  expected t o  exceed a f rac t ion  of one percent. 

necessary t o  apply t h i s  correction beyond three inches from the  

source f o r  the  bare cases. 

Therefore t h e  

5 obtained from the  cadmium covered data was used 
The e r ro r  incurred by t h i s  procedure 

It was not 

Flux Depression Corrections 

The f l u x  perturbation f ac to r  is the r a t i o  of the neutron 

ac t iva t ion  of a f o i l  of f i n i t e  size ( fo r  which the f l u x  is  per- 

turbed) t o  t h a t  of t he  same f o i l  if there  were no flux perturbation. 

In  prac t ice  it is  not possible t o  achieve the  l a t t e r  condition and 

it has become common procedure t o  use the  so-called i n f i n i t e l y  
t h i n  f o i l g  Le., a f o i l  t h in  enough t h a t  it does not s ign i f icant ly  

perturb the flux. The a c t i v i t y  r a t i o  corrected f o r  the weights 

of t he  f o i l s ,  is the f lux  perturbation fac tor .  Analytical 

methods used t o  t r e a t  t h i s  problem a re  discussed by Osborn (19) 
and Hanna (20), and a review of the state-of-the-art  is presented 
i n  ANL-5800 (17) . It is not the i n t e n t  here t o  r e i t e r a t e  t he  

discussions of the  above references b u t  t o  s t a t e  the consensus 

of opinion t h a t  a systematic stw of f o i l  absorption is  warranted 

s ince  agreement of data and o f  data with theory is not  good, 

Commonly the  f l u x  depression is  divided i n t o  two par t s :  

(a)  t he  self-shield- perturbation which describes the  shielding 

of the inner  layers by the  outer  layers  of the  f o i l  and (b) the  

outer perturbations which describe the  depletion of t he  neutron 

density i n  the  medium surrounding t h e  f o i l  due t o  absorption by 
the  f o i l .  
of the  f o i l s  and s ince  the  f o i l s  used were closely ident ical ,  
t h i s  f a c t o r  is a constant and ignorable f o r  r e l a t i v e  measurements. 

The self-shielding perturbations a r e  functions only 
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The outer flux pertrubations a r e  a function of the f o i l  and 
the  material properties of t he  surrounding media. 

m u s t  be considered since the  systems under study contafn three  

d i f fe ren t  mediums. 

i n  water m u s t  be multiplied t o  y ie ld  the  ac t iv i ty  f o r  no outer 

flux perturbation was computsd from the  results of T i t t l e  (21) 
as 1,lb and from Ritchie-Eldridge and Skyrme (17) as 1.27. 
Heister (17) presents data f o r  1.2 cm radius f o i l s  i n  water as 

a function of f o i l  thickness. O u r  f o i l s  had a radius of 1.26 cm. 

and hence Pleis t e r  1 s results are  d i r ec t ly  applicable. 
of h i s  results yielded a fac tor  of 1.18. 
based on measured values and since it lay between the theore t ica l ly  

computed values, it was used i n  these s tudies ,  

the cavity the f ac to r  was 1.00 i n  a l l  cases. 

This correction 

The value by which the  measured ac t iv i ty  

Interpol-ation 
Sfnce t h i s  f ac to r  was 

In  the  i n t e r i o r  of 

There remained t h e  problem of a choice of f ac to r  a t  o r  verg 

near the boundary between the  water and cavity. 
could be found f o r  t h i s  problem and consequently t h  1.18 f a c t o r  

was applied t o  a l l  f o i l s  t h a t  were i n  the  water i r respect ive of 

the  proximity of the  boundary. these ques- 

tionable points were neglected i n  p lo t t ing  the thermal f l u x  

cwves and the  curve t h a t  appeared t o  make t h e  smoothest t rans i -  

t i o n  between regions was used. 

No guideline 

On the  other hand 

Cadmium Absorption of Resonance Neutrons 

The 20  m i l  cadmium covers effect ively screen out neutrons 

below the  "cadmium cut-off" energy of about 0,4 eve and t h e  
indium a c t i v i t y  obtained under such covers represents act ivat ion 

from resonance energy neutrons. 

a r e  activated by both thermal and resonance energy neutrons, 

t he  difference i n  ac t iv i ty  of t he  bare and cadmium covered 
ac t iv i t i e s  is the  thermal ac t iv i ty .  However, t he  cadmium not 

only removes the  thermal neutrons but  a l so  some of t he  neutrons 

of higher energies . 
sees fewer of t he  epicadmium neutrons of interest. 

Because the  bare indium f o i l s  

Consequently, the  cadmium shielded f o i l  
The f ac to r  



by which the  experimentally determined resonance act ivat ion 

must be multiplied i n  order t o  correct f o r  t he  absorption of 
the  f o i l  resonance neutrons by the cadmium is cal led the  

cadmium correction factor ,  

from the  work of T i t t l e  (21) for our case as 1.07. 
. This f ac to r  was obtained FCD 



A P P E N D I X  I1 

DERIVATION OF THE TWO-GROUP EQUATIGNS 

The two group equations t o  be solved f o r  the  moderator region 
5x-1 the  cavity case a re  

where the subscripts 1 and 2 r e fe r  t o  the  f a s t  and thermal groups 

respectively, D is the  dfffusion coeff ic ient ,  Z is the  removal 

cross section i.n the f a s t  group and absorption cross section i n  

the  thermal group, is the flux, and P is the  resonaance 

escape probabili ty,  

then the boundary conditions applied a re  

If an i n f i n i t e  moderator region is assumed, 

is the  radius of the cavity. Conditions (1) and ( 2 )  a re  

common dSfus ion  theory boundary csndi-ions. 

of a unit neutron source is  taken. 

In ( 2 )  the  normalization 

Condition ( 3 )  ar i ses  from the 

fact t h a t  the a c t  ciiireiit of 3 1 0 ~  r;zl;trons X * E ~  equal +,he & ~ o v t i ~ ~ !  

r a t e  of the  cavity, 

absorption r a t e  is proportional t o  t h e  volume average of 
can be wr i t ten  in terms of the value of 8 a t  r = a . 
i n  diffusion theory the flux is continuous and hence 

Therefore, t he  ne t  current  a t  the  boundary is  proportional t o  the  

flux a t  the  boundary. The constant of proportionali ty is wri t ten 
as 

If the  in t e rna l  f l u x  i s  8 ( r )  , then the  

8 which 

However, 

8 ( a )  = j8, ( a )  . 

which yields  the  condition ( 3 ) .  



The solut ion of the  diffusion equations in spher ica l  geometry 

a re  of the  form 

where the  A ' s  and Cls are  arbi t rary 
z is the  fermi age t o  thermal, and K2 
appl icat ion of the  boundarg conditions t o  these expressions yields 
f o r  the  thermal f l u x  

- K2 (r-a) 

r 1 g2(r) = constant - B e  

fa + D2( 1 + 5"> 
where B E  y a + D 2 ( 1 + 1 E ; ! a )  

The value of d was obtained from the  devlopements of Safanov 

as mentioned previously and is given as 

Z: a - 
3 

where Z 2 1  is the thermal absorption cross sect ion of t h e  i n t e r i o r  
medium. In t h i s  study, the  value of C 2 l  used was the  Bl? value 

in the  cavity. For the  cases of an inner sphere, I ; ,  was computed 
as if the  BF was uniformly dist r ibuted i n  t h e  cavity. 

1 3  

3 
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L -  

z2 = 

*2 = 

T =  

The constants used f o r  t h e  calculations 

2,73 cm. 

0 e o i 9 S / C m  . 
O.Ih6 cm. 

5h cm 
2 

< of boron = 669 barns. 

% of fluorine E 0 

were 



Appendix I I I 

Tabu la t ion  o f  F o i l  A c t i v a t i o n  Data -- - 
I n  t h i s  appendix, the average values o f  the bare 

and cadmium covered foi  1 a c t i v a t i o n  data a r e  tabulated.  
Correct ions I through 5 as described on page 16 have 
been appl ied.  
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R e l a t i v e  A c t i v i t i e s  

F i g u r e  5 
D i stance from A c t  i v i  t i e s  of Cadrni urn 
Center  (inches) Covered Foi  1 s 

I .o 
1.5 
2 .0  
2.5 
3 .0  
3.5 
4.0 
4.5 
5.0 
5.5 
6 .0  
6 .5  
7 .0  
7.5 
8.0 
8.5 
9 .0  
9.5 

10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.0 
16.5 
17.0 
17.5 
18.0 
18.5 
19.0 
19.5 
20 .0  
20.5 
21 .0  
21.5 
22 .0  
22.5 
23.0 
23.5 
24 .0  
24.5 
25.0 
25.5 

466 
434 
390 
388 
3 74 
356 
355 
343 
362 
385 
34 3 
352 
352 
34 I 
34 8 
344 
34 7 
37 1 
344 
34 9 
344 
35 8 
333 
323 
3 I 3  
318 
2 69  

I n-water da ta  

2 79* 

23 I* 

178" 

I26* 

- 
- 
- 
- 
94. I" 

66.6* 

4 6 . 9  

35.7" 

26.2" 

- 
- 
- 
- 
- 

F i g u r e  6 
Bare F o i l s  

A i r  F i l l e d  C a v i t y  

4060 

4350 

4260 

4080 

4070 

4070 

4080 

4020 

3850 

3990 

3890 

3900 

362 0 

3290 

2820 

2 140 

I690 

I230 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

3280" 
2 870" 
2810" 

2 140" 

1600" 

1190" 

808* 

610" 

41@ 

2 86* 

I 7 W  

- 
- 
- 
- 
- 
- 
- 
- 



R e l a t i v e  A c t i v i t i e s  

Figure 7 Figure 8 
Distance from Bare F o i l s  Bare F o i l s  
Center (inches) I atm BF3 f i l l i n g  i n  no I atm BF3 f i l l i n g  i n  

inner sphere system 12" inner sphere system 

I .o I400 2 780 
I .5 1470 3 100 
2.0 I360 3000 
2.5 - 3 100 
3.0 1360 3 100 
3.5 - 3090 
4.0 1290 3 I50 
4.5 - 3 160 
5.0 I3 I O  3190 
5.5 1270 3220 
6.0 1230 3260 
6.5 - 3290 
7.0 1230 33 80 
7.5 - 3360 

3570 8.0 I L  I V  

8.5 - 3360 
9.0 I240 3380 
9.5 I220 3360 

10.0 I220 3470 
10.5 - 3350 
11.0 I190 3420 
11.5 - 33 70 
12.0 1260 3350 
12.5 - 32 80 
13.0 1240 3240 
13.5 I350 3100 3220" 
14.0 I490 2930 - 
14.5 - 2450" 2810 3 160" 
15.0 I650 2 6 7 P  2540 - 
15.5 - 2670" 2230 2 760" 
16.0 1670 2460" 2060 
16.5 - 2 190" 1660 2 180" 
17.0 I440 1980" - - 
17.5 1270 180W - 163W 
18.0 I120 149W - - 
18.5 - 1320" - 1320" 
19.0 804 1100" - - 
19.5 - 91 8" - 883* 
20.0 62 8 778" - - 
20.5 - 676* - 61 I* 
21.0 46 I 56 7" - - 
21.5 3 73 42 V - 446* 
22.0 298 3 9 w  - - 
22.5 .I 3 16" - 32 5* 
23.0 162 2 72" - - 
23.5 - 217"  - 225* 
24.0 75.2 I63* - - 
24.5 - 132" - - 
25.0 - 89 . 4" - - 
25.5 - 64.W - - 

1 

1 1 1  

* In-water data 



D i stance from 
Center (inches) 

I .o 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.0 
16.5 
17.0 
17.5 
18.0 
18.5 
19.0 
19.5 
20.0 
20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 

- 26 - 
R e l a t i v e  A c t i v i t i e s  

Figure 9 
Bare F o i l s  

2 atm BF3 f i l l i n g  i n  
12" inner sphere system 

2 I70 

2470 

2370 

2520 

2 540 

2 740 

2 830 

2 850 

2930 

3000 

2 890 

2940 

2 840 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- - - - 3 0 9 P  

2 8 6 P  

22 8 P  

I 5 7 P  

I l 9 W  

834* 

6 05* 

4 73* 

337* 

- 
- 
- 
- 
- 
- 
- 
- 
- - - 

Figure 10 
Bare F o i l s  

2.5 atm BF3 f i l l i n g  i n  
12" inner sphere system 

* In-water data 
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R e l a t i v e  A c t i v i t i e s  

Distance from 
Center (inches) 

1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 
10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.0 
16.5 
17.0 
17.5 
18.0 
18.5 
19.0 
19.5 
20.0 
20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 

Figure I 1  
Bare Foi ls  

1 atm BFs f i l l i n g  i n  
9'' inner 

32 IO 

3370 

34 80 

3550 

3560 

3670 

3700 

3630 

3630 

3550 

364 0 

3460 

332 0 

3130 

2 730 

2220 

I690 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

sphere sys tern 

351P 

32 8 P  

2 88@ 

231W 

1630" 

I18P 

90W 

61@ 

43 I* 

31W 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- - - 

Figure 12 
Bare F o i l s  

2 atm BF3 f i l l i n g  in 
9" inner sphere system 

2530 

2920 

2960 

3180 

334 0 

3360 

3440 

3440 

3370 

3450 

3350 

3340 

32 IO 

3060 

2500 

2 130 

I600 

I160 

859 

652 

44 8 

3 I4  

I79 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
69.4 

* I n-water data 



Distance from 
Center (inches) 

I .o 
I .5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 
7.0 
7.5 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 
11.0 
11.5 
12.0 
12.5 
13.0 
13.5 
14.0 
14.5 
15.0 
15.5 
16.0 
16.5 
17.0 
17.5 
18.0 
18.5 
19.0 
19.5 
20.0 
20.5 
21.0 
21.5 
22.0 
22.5 
23.0 
23.5 
24.0 

R e l a t i v e  A c t i v i t i e s  

F igure  13 
Bare F o i l s  

3 atm BFs f i l l i n g  i n  
9" inner sphere system 

2350 

2 560 

2780 

2980 

3 100 

3370 

32 80 

3380 

3300 

32 70 

3220 

3250 

3030 

2 830 

2480 

2 100 

I590 

I190 

8 74 

6 76 

4 75 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- - 
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48" 

I 
FIGURE I- PICTORIAL OF EXPERIMENTAL ASSEMBLY 



Figure 2 - Spherical c a v i t y  assembly showing t h e  thru-tube 
and ports.  
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Figure 3 - Pluloniun-beryl l ium neutron source descr ip t ion  



t 

Figure 4 - Foil holders: (a) Thru-tube holder, (b) Port assembly 
holder, (c) Water holder 
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I 

2 4 6 8 IO 12 14 16 18 20 22 24 

Distance frm center ,  in .  

F igure  5 - lndlun f o i l  ac t iva t ions  f o r  cadmium covered f o i l s .  



c 

- 38 - 

Q) a 

Figure 6 - Indium f o i l  a c t i v a t i o n s  f o r  bare f o i l s  for  a i r  f i l l e d  
cav i t y  . 
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IO000 

IO00 

I 00 

Figure 7 - Indium f o i l  a c t i v a t i o n s  f o r  bare f o i l s  f o r  no inner sphere system 
w i t h  I atmosphere BFsfi I 1  ing. 
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Figure 8 - Indium f o i l  ac t iva t ions  for bare f o i l s  for  a 12 inch 
inner sphere system w i t h  I atmosphere BF3 f i l l i n g .  



10000 

1000 

I O 0  

0 

2 4 

Figure 9 - lndiun f o i l  a c t i v a t i o n s  f o r  bare f o i l s  f o r  a 12 inch 
inner sphere system w i t h  2 atmospheres BFJ f i l l i n g .  



IO000 

1000 

IO0 
2 4 

Figure IO - indium f o i l  ac t i va t i ons  f o r  bare f o i l s  f o r  a 12 i nch  
inner sphere system w i t h  2.5 atmospheres BFJ f i l l i n g .  
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IO00 

I O 0  
2 4 6 8 10 12 14 16 18 20  22 24 

Distance from center ,  in .  

Figure I I  - Indium f o i l  ac t iva t ions  f o r  bare f o i l s  f o r  a 9 inch 
inner sphere system w i t h  I atmosphere BF3 f i l l i n g .  



- - 

IO000 

=t 
3 
-3 

I 
f 

I 

-t 
Latr -sj 

0 

IO00 

L 

f - I 

IO0 

Figure 12 - Indium f o i l  ac t iva t ions  f o r  bare f o i l s  for a 9 inch 
inner sphere system w i  t h  2 atmospheres BF3 f i  1 1  ing. 

16 18 20 22 24 

Distance from center ,  in .  
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Distance from center ,  in .  

3 - Indium f o i l  ac t iva t ions  f o r  bare f o i l s  f o r  a 9 inch 
inner sphere system w i t h  3 atmospheres BFJ f i l l i n g .  
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IO00 

Distance from center ,  in .  

Figure 14 - Comparison o f  indium f o i l  a c t i v a t i o n s  f o r  
i n  the s ing le  sphere system w i t h  a i r  and 
BF3 fi 1 1  ings. 

8 20 22 24 

bare f o i  1s  
atmosphere 
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IO00 

I O 0  

12" diameter inner sphere 
Outer sphere - a i r  f i l l e d  
Inner sphere - various f i l l i n g s  

I 1 1 I I I I I 1 I I 
2 4 6 8 IO 12 14 16 18 20 22 24 

from center ,  in .  

Figure 

D i s tance 

5 - Comparison o f  indium fo 
i n  the 12 inch concentr 
inner sphere f i 1 1  i ngs. 

1 a c t i v a t i o n s  f o r  bare f o i l s  
c sphere system for various 



IO000 

IO00 I 
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I 

9" diameter inner sphere 
Outer sphere - a i r  f i l l e d  
Inner sphere - various f i 1 1  ings 

100 I I I I I I I I I I I 1 

Distance from center ,  in.  

Figure 16 - Comparison o f  indium f o i l  a c t i v a t i o n s  for bare f o i l s  
i n  the 9 inch concentric sphere system for various 
inner sphere f i l l i n g s .  
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No inner sphere 
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I atm BF3 inner sphere f i l l i n g  

I I I I I I I I I I I 
0 2 4 6 8 10 12 14 16 18 20 2 2  24 

Distance from center ,  in. 

Figure 17 - Comparison of indium f o i l  a c t i v a t i o n s  f o r  bare f o i l s  
f o r  the three sphere systems w i t h  I atmosphere BF3 
f i  1 1  ing. 
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F igure  18 - Comparison o f  indium f o i l  a c t i v a t i o n s  f o r  bare f o i l s  f o r  
the 9 and 12 i nch  inner sphere systems w i t h  2 atmospheres 
of BFJ f i l l i n g .  
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Figure 19 - Canparison o f  thermal f l u x  f o r  the cases o f  no c a v i t y  
and a i r  f i l l e d  cavity.  
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Figure 20  - BF3 neutron counter data f o r  the a i r  f i l l e d  c a v i t y .  
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Figure 21 - Comparison of thermal neutron f l u x  and fas t  f l u x  for  
the s ing le  sphere system w i t h  a i r  and 1 atmosphere 
BF3 f i l l i n g .  
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F igure  22 - BF3 neutron counter data f o r  the s ing le  sphere case w i t h  
I atmosphere BF3 fi 1 1 ing. 
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Figure 23 - Comparison o f  thermal f l u x  f o r  the 12 inch inner sphere 
system w i  th  various f i  1 1  ings. 
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Figure 24 - Comparison o f  thermal f l u x  f o r  the 9 inch inner sphere 
system w i t h  various f i l l i n g s .  
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Figure 25 - Comparison of  thermal f l u x  f o r  the three sphere systems 
w i t h  I atmosphere o f  BF3 f i l l i n g .  
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Figure 26 - Comparison o f  thermal f l u x  f o r  the 9 inch and 12 inch 
inner sphere systems w i t h  2 atmospheres BF3 f i l l i n g .  
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Figure 27 - Comparison o f  experimental and a n a l y t i c a l  f l u x  
d i s t r i b u t i o n s  for  the a i r  f i l l e d  c a v i t y .  
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Figure 28 - Comparison of experimental and a n a l y t i c a l  f l u x  
d i s t r i b u t i o n  f o r  the s i n g l e  sphere case w i t h  
I atmosphere BF3 f i l l i n g .  
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Figure 29 - Comparison of experimental and a n a l y t i c a l  f l u x  
d i s t r i b u t i o n s  for the 12 inch inner sphere system 
w i t h  1 atmosphere BFJ f i l l i n g .  
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Figure 30 - Comparison o f  experimental and a n a l y t i c a l  f l u x  
d i s t r i b u t i o n s  for  the 12 inch inner sphere system 
w i t h  2 atmospheres BFJ f i l l i n g .  
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Figure 31 - Comparison o f  experimental and a n a l y t i c a l  f l u x  

w i t h  2.5 atmospheres BFJ f i l l i n g .  
. d i s t r i b u t i o n s  for the 12 inch inner sphere system 
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Figure 32 - Comparison of experimental and analytical flux 
distributions for the 9 inch inner sphere system 
with I atmosphere BFJ filling. 
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Figure 33 - Comparison o f  experimental and a n a l y t i c a l  f l u x  
d i s t r i b u t i o n s  for the 9 inch inner sphere system 
w i t h  2 atmospheres BF3 f i l l i n g .  
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Figure 34 - Comparison o f  experimental and a n a l y t i c a l  f l u x  
d i s t r i b u t i o n s  for the 9 inch inner sphere system 
w i t h  3 atmospheres BF3 f i l l i n g .  
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Figure 35 - R a t i o  of 4.50 hour to 54.3 minute a c t i v i t y  a s  a 
f unct i on o f  d i stance from the source. 
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